Abstract Children aged <2 years with chronic lung disease (CLD) have a 10-fold higher risk for respiratory syncytial virus-positive hospitalization (RSVH) compared to healthy term infants. Based on the updated position statements, we compared respiratory-related illness hospitalization (RIH) and RSVH risks in CLD children who received palivizumab during the first year (FY) versus second year (SY) of life in the Canadian Registry of Palivizumab (CARESS). Demographic data were collected at enrolment and RIH events recorded monthly from 2005 to 2015. Eight hundred forty-seven FY and 450 SY children with CLD were identified. SY children had a lower gestational age (27 versus 29 weeks) and required more days of respiratory support (64 versus 43), oxygen therapy (108 versus 55), and length of stay (118 versus 73) during the neonatal course compared to FY children; all p < 0.0005. RIH rates were 12.2 (FY) and 18.2 (SY), and RSVH rates were 2.3 (FY) and 3.9 (SY). Cox regression showed similar hazards for both RIH (hazard ratio 0.9, 95% CI 0.6-1.6, p = 0.812) and RSVH (hazard ratio 1.1, 95% CI 0.4-2.9, p = 0.920).
Introduction
Lower respiratory tract infections (LRTIs) are the leading cause of post -neonatal mortality, accounting for over 20% of the estimated 2 million global deaths in 2010 [22, 43] . Human respiratory syncytial virus (RSV) is the primary viral respiratory pathogen associated with these LRTIs, and in Canada, the seasonal outbreaks of RSV illness typically occur between November and April. Clinical symptoms are usually mild and well contained by the immune system, but certain children with high-risk underlying medical conditions may experience severe respiratory illness following RSV infection, which necessitates hospitalization and intensive medical care [4, 34, 43] .
Chronic lung disease (CLD) in premature infants is an established risk factor for RSV-related infection with subsequent complications [9, 25] . Children with CLD endure prolonged lengths of hospital stay following RSV-related LRTI with concomitant use of antibiotics, diuretics, bronchodilators, steroids, respiratory support, and ventilation. The risk of RSV-positive hospitalization (RSVH) in the IMpact-RSV study was 12.8% for children with CLD [37] . The mortality rate due to RSV disease in children with CLD is generally low (ranging between 0 and 10%) with a weighted mean rate of 4.1%, but rates as high as 23% have been reported in earlier literature [3, 30, 36, 42] .
Palivizumab (Synagis®) is a safe, humanized monoclonal antibody that has been approved for prophylaxis against serious LRTIs caused by RSV infection in high-risk infants [3, 10, 31, 37, 43] . Major indications for palivizumab include CLD, hemodynamically significant congenital heart disease, and prematurity [3, 18] . To date, studies conducted in several countries have demonstrated the efficacy of palivizumab in the reduction of RSVH in children <2 years of age with CLD [9, 11, 14, 24, 26, 33, 37] . The American Academy of Pediatrics (AAP) in 2012 and the Canadian Paediatric Society (CPS) in 2009 had recommended palivizumab for all CLD children <2 years of age for the prevention of RSV-related infection [1, 32] . However, because the incidence of RSVH in children with CLD declines in the second year of life, the cost-effectiveness of palivizumab in children aged >1 year has been debated [5, 35] . As a result, current AAP (2014) and CPS (2015) guidelines limit RSV prophylaxis for CLD patients in their second year of life to only those who are oxygen dependent in the second year [30] or have received at least 28 days of supplemental oxygen after birth and who continue to require medical therapy between 1 and 2 years of age [11] .
Based on the recent, more restrictive guidelines for RSV prophylaxis in children with CLD, the primary objective of our study was to compare the risks of respiratory illnessrelated hospitalizations (RIHs) and RSVH in children with CLD receiving prophylaxis with palivizumab in their first versus second year of life.
Materials and methods
The Canadian RSV Evaluation Study of Palivizumab (CARESS) is an ongoing prospective, longitudinal, non-randomized, observational, open-cohort study that was launched in 2005. The registry monitors the national usage and adherence patterns of palivizumab in addition to identifying determinants of respiratory illness-related outcomes in children at high risk of RSV infection. Currently, there are a total of 32 collaborating hospitals across eight Canadian provinces, and any child who receives at least one injection of palivizumab at one of these sites is eligible for enrollment. The majority of hospitals function similarly and provide prophylaxis through institution operated RSV clinics. Children are excluded from the study if they are receiving palivizumab within a clinical trial or if their parents or legal guardians are not capable of communicating in English or French. Research ethics board approval was obtained for the study at each participating site and investigational procedures conform to the Declaration of Helsinki guiding principles.
Informed consent is obtained from caregivers of all participating subjects prior to study enrollment. Once enrolled, baseline information regarding demographics, medical history, neonatal course, and palivizumab administration are collected by the treating physician or research nurse at each site. Monthly injections of palivizumab are accompanied by subsequent follow-up telephone interviews to obtain data on palivizumab utilization and adherence, changes in baseline data, adverse events, and any other complications associated with a respiratory infection event encountered after the previous interview. Monthly follow-up interviews are continued until 1 month after the end of the relevant RSV season.
In the event of a hospitalization, relevant details are extracted from patient hospital records by the site's research nurse following parental or legal guardian approval. Collected data consisted of, but was not limited to, length of stay, diagnoses, RSV confirmation, and requirement of respiratory support, oxygen therapy, or intubation. RSV diagnosis is established by polymerase chain reaction, enzyme or immunofluorescent assay, or viral culture on nasopharyngeal swabs, aspirates, or washes obtained from the patients during their hospital stay. An RIH with a positive RSV test result by any of the detection methods mentioned above is categorized as an RSVH.
Patient selection and outcome definitions
Chronic lung disease and its severity were defined a priori using criteria established by the National Institute of Child Health and Human Development consensus guidelines [40] . Subjects who presented with CLD as the primary indication for palivizumab prophylaxis were selected from the CARESS population for this study, regardless of any other coexisting medical morbidity such as congenital heart disease or cystic fibrosis. Only children <24 months of age were included in the analyses in order to conform to pediatric advisory guidelines. This cohort was further sub-classified into two groups based on age. Children in the first year (FY) of life were defined as those who were <12 months of age without previous palivizumab prophylaxis. Children in the second year (SY) of life were between 12 and 24 months of age and had received palivizumab during the first year of life. Study subjects were considered adherent to the palivizumab prophylaxis protocol if they received either ≥5 or at least the expected number of palivizumab injections within the recommended time intervals between injections [8] . This definition comprehensively accounts for the full duration of the RSV season as well as the therapeutically effective inter-dose interval derived from pharmacokinetic studies utilizing palivizumab [19, 29] . The recommended time intervals were 16-35 days between the first and second injections and 25-35 days between subsequent injections.
A sub-analysis was conducted to compare the effect of seasonal palivizumab prophylaxis on RIH and RSVH risk in children with CLD. This involved a re-categorization of the CLD population into two new groups based on exposure to the number of RSV seasons. Children who received prophylaxis during their first RSV season were classified as first season (FS) while those who received prophylaxis for two consecutive RSV seasons were defined as second season subjects (SS).
Based on the 2009 CPS guideline, pediatricians provided palivizumab for children <2 years of age with CLD [40] , who required ongoing medical therapy (such as oxygen, steroids, or bronchodilators) within the 6 months preceding the RSV season [32] . The majority of CLD children in the FY group qualified for RSV prophylaxis because they were oxygen dependent for the first 28 days of life and/or required respiratory support while those in the SY group required ongoing oxygen or drug therapy for the management of their underlying CLD.
Statistical analyses
Data were analyzed using IBM SPSS Statistics v20.0 (IBM Corp., Armonk, NY). Baseline demographics, neonatal characteristics, and hospitalization severity markers were compared between the two groups using the Pearson chi-squared test for categorical variables and the Mann-Whitney U test for continuous variables. Median values with their corresponding interquartile range (IQR) were reported for continuous variables unless indicated otherwise. An asymptotic p value of less than 0.05 was considered to be statistically significant. For samples with an expected count of less than 5, the exact asymptotic p values were reported instead.
For descriptive purposes, RIH and RSVH rates were calculated. To determine the RIH rate, the number of children hospitalized for respiratory-related illnesses was divided by the total number of children in the study population. The RSVH rate was calculated by multiplying RIH by the number of RSV-positive children divided by the number of children tested for RSV infection.
Cox proportional hazard regressions using a backward conditional method were performed to evaluate the relative risk of RIH and RSVH between FY and SY children, with the FY group as the reference category. The time factor was the number of days from enrolment to the patient's first RIH or RSVH. To account for potential confounders that may affect the time to hospitalization, all demographic and neonatal variables that were found to be significantly different between the two groups were adjusted for as covariates. In cases where multiple potential covariates were highly correlated, only the most significantly predictive variable was included to multicollinearity. Hazard ratio (HR), 95% confidence interval (95% CI), and p value are reported for each individual regression analysis. The same set of statistical analyses was applied in the subanalysis to assess outcomes based on exposure to one or two consecutive RSV seasons after birth.
Results
Eight hundred forty-seven (65.3%) and 450 (34.7%) of 1297 CLD children received palivizumab prophylaxis during the first and second year, respectively. The median age of children at enrolment was 6.4 months (interquartile range [IQR] 3.7-8.0 months) for the FY group and 16.2 months (IQR 14.0-19.3 months) for the SY group. On average, the children received 4.8 ± 1.2 injections. One thousand fifty-six (81.4%) received at least all of their expected injections, and 956 (73.7%) were adherent to the inter-dose interval protocol. Eight hundred fifteen (62.8%) children were considered fully adherent based on both adherence definitions. Table 2 . They required prolonged respiratory support and oxygen therapy with an extended neonatal hospital stay following birth (all p < 0.0005). Furthermore, they sustained greater complications such as necrotizing enterocolitis, and a higher percentage of SY infants also underwent surgery for patent ductus arteriosus (all p < 0.05).
Of the 1297 CLD subjects included in this study, 185 children required a total of 239 hospitalizations for respiratory illnesses after being discharged from the neonatal unit, resulting in a RIH rate of 14.3%. The RIH rate for each group was 12.2 and 18.2% for FY and SY children, respectively (Table 3 ). Significant differences during the hospital course for RIH were observed between the two groups in terms of the diagnosis of bronchiolitis (FY 61.3% versus SY 40.0%, p = 0.001), requirement of respiratory support (FY 34.3% versus SY 22.5%, p = 0.048), and requirement for intubation (FY 8.8% versus SY 1.0%, p = 0.009). Length of respiratory support was also significantly longer (p = 0.049) for FY children compared to SY children. Eighteen and 15 children tested positive for RSV infection in the FY and SY groups, respectively. The RSVH rate was 2.3% for the FY group and 3.9% for the SY group, giving an overall RSVH rate of 2.9% (Table 3) . RSVH severity did not differ significantly between the first and second year children. Full details on in-hospital events following RIH or RSVH are depicted in Tables 4 and 5 , respectively.
Cox proportional hazard analysis was performed adjusting for daycare attendance, multiple birth status, gestational age, birth weight, medical comorbidities, and neonatal events. Hazard plots are presented in Fig. 1a for RIH and Fig. 1b for RSVH. Children who received palivizumab for the second year displayed a similar risk of both RIH (HR 0.9, 95% CI 0.6-1.6, p = 0.812) and RSVH (HR 1.1, 95% CI 0.4-2.9, p = 0.920) as those who received palivizumab for only the first year.
The sub-analysis compared a total of 1684 children with CLD; 935 (55.5%) were children who received palivizumab in the first season and 749 (44.5%) received prophylaxis additionally in the second RSV season. Overall, results from this sub-analysis were analogous to those obtained from the 
Discussion
Children with CLD are particularly vulnerable to serious lower respiratory tract illness following RSV infection and are at heightened risk for hospitalization. In a multicenter Spanish study involving 584 premature (≤32 weeks of gestation) infants, among which 38 (6.5%) were diagnosed with CLD, Carbonell-Estrany et al. found that CLD was a significant independent prognostic variable for the risk of RSVH (odds ratio [OR] 3.1, 95% CI 1.2-7.9, p < 0.016) [7] . Liese et al. in a German population-based cohort study confirmed that the RSV-related re-hospitalization rate was greater by 4.0-fold (95% CI 1.4-11.2, p = 0.009) in children with CLD compared to those who were not hospitalized for RSV [21] . Similarly, Lee et al. documented that infants with CLD compared to those without CLD were at significantly increased risk for RSVH (OR 2.95; 95% CI 1.44-6.04; p = 0.003) [20] . Homaira et al. further confirmed that the incidence of RSVH per 1000 child-years was 81.5 for children with CLD, which was the highest among all cohorts of high-risk children assessed [17] . Likewise, in a large retrospective cohort study, Boyce et al. reported that children with CLD in their first year of life were 10.7 times (95% CI 8.4-13.6) more likely to be hospitalized for RSV infection compared to healthy term infants [5] . A 20-fold (95% CI 11.1-33.7) increase in RSVH risk was also documented for children with CLD during their second year of life relative to low-risk infants of the same chronological age [5] . Furthermore, children with CLD in each age stratum were identified to have the highest RSVH rate among all investigated risk groups, which distinctly signified the susceptibility of children with CLD to severe RSV disease up to 2 years of age compared to other infant populations. Ironically, the evidence from this retrospective study prompted the recent CPS guideline update to limit palivizumab prophylaxis in children with CLD in their second year of life to those still on or weaned off supplemental oxygen in the 3 months prior to the onset of the RSV season [30] . Boyce et al. indeed recorded that the incidence of RSVH in CLD children declined from an estimated 38.8% (95% CI 30.4-49.0%) in those <12 months of age to 7.3% (95% CI 4.2-11.9%) at 12 to 24 months, with a further decrease to RIH respiratory illness-related hospitalization, RSV respiratory syncytial virus, RSVH RSV-positive hospitalization 1.3% (95% CI 0.2-4.6%) in the third year of life [5, 30] . It is important to acknowledge that the data from two decades ago may be outdated and inconsistent with the current epidemiology of RSV infection. However, more recent data continue to demonstrate that CLD remains a dominant risk factor governing RSVH [17, 20, 21, 28] . Moreover, the CLD chronic lung disease, RSVH RSV-positive hospitalization, IQR interquartile range *p value <0.05 is significant a Median and IQR are reported only for those who received respiratory support, intensive care, or intubation. All patients who experienced a RSVH were included in the Mann-Whitney U test to obtain the U statistics and corresponding p values estimated 7.3% RSVH rate for children with CLD in the second year of life [5] is not low enough to justify a guideline change [11] since the average RSVH rate in CARESS for prophylaxed CLD subjects in the second year of life still remained 3.9% in this study and 8.9% in the Korean study conducted by Han et al. [16] in 2007. The Cox analysis from our study further emphasizes that children with CLD over the age of 12 months remain at risk for both RIH and RSVH. New guideline recommendations denigrate the fact that palivizumab prophylaxis in children with CLD is beneficial up to 2 years of age. In the IMpact-RSV study, palivizumab prophylaxis in children with CLD <24 months of age was shown to reduce the incidence of RSVH by a factor of 39% compared to subjects who received placebo (p = 0.038) [37] . Pedraz et al. demonstrated in a Spanish observational cohort study that children aged <2 years with CLD were approximately four times less likely to experience RSVH (5.5 versus 19.7%, p < 0.007) if they received palivizumab prophylaxis [26] . Similarly, in a Korean retrospective study involving 128 children with CLD <2 years of age, the RSVH rate was determined to be significantly lower (p < 0.001) in patients who received palivizumab (4.0%) than those who did not (22.6%) [9] . In our study, in-hospital events such as length of hospital stay and admission to the intensive care unit following rehospitalization for respiratory-related and RSV-positive illnesses were similar between the two CLD groups regardless of age and previous palivizumab exposure. While the prophylactic effect was not expected across a duration of 2 years due to the short mean half-life of palivizumab (20 days) and passive protection offered [44] , our results imply that the risk of RIH and RSVH in second year CLD patients cannot be neglected. Interestingly, children who received palivizumab only in the first year of life required significantly more respiratory support and a longer duration of intubation for RIH events, which may reflect an increased susceptibility to overall severe LRTI in association with CLD. In contrast, children who received prophylaxis for 2 years had a milder, but statistically insignificant, course of RSV-related illness with lower rates and duration of respiratory support and need for ventilation.
It is equally important to recognize that healthy preterm infants have significant lung immaturity and compromised immune function, which pose a risk for obstructive lung function which persists until 2 years of age and even in adolescents up to 17 years [13, 23, 39] . Moreover, preterm infants with and without CLD, who experience symptomatic RSV LRTI at <2 years of age, have higher airway resistance at 36 weeks post menstrual age, 1 year of life, and at 8-10 years [6, 12, 15] . This implies that infants with CLD, irrespective of gestational age [35] or disease severity [11, 40] , are at increased risk for serious RSV disease and merit prophylaxis for two RSV seasons (FY and SY) based on either oxygen need or medical therapy dependency for the management of their CLD status. The use of oxygen alone as a criterion for prophylaxis in the second year minimizes the pathophysiology of CLD and is a relatively weak marker when used solely to discriminate CLD disease severity [27] . This study confirms that SY infants are correctly selected for RSV prophylaxis since they were of lower gestational age than FY infants with lower birth weight (both p < 0.0005). In addition, they required significantly longer durations of respiratory support and oxygen therapy, and their neonatal course (days) was more prolonged with complications involving necrotizing enterocolitis, sepsis, and surgery for patent ductus arteriosus.
There are currently no studies that directly compare the cost-effectiveness of palivizumab in CLD children in the FY versus SY. In the UK, Wang et al. reported that the incremental cost-effectiveness ratio (ICER)/quality-adjusted life-year (QALY) for palivizumab prophylaxis, compared with no prophylaxis in CLD children, was £66,900 [41] . Cost- Tables 1 and 2 . RSV respiratory syncytial virus, CI confidence interval effectiveness varied between £51,000 and £85,000/QALY for mortality rates of 0.05 and 0.03, respectively [42] . Under the current willingness-to-pay threshold of £30,000/QALY, palivizumab was deemed not cost-effective [41, 42] . More recently, Bentley et al. [3] estimated a £19,168/QALY for the use of palivizumab compared with no palivizumab in children with CLD in the UK, which was deemed to be an economically acceptable use of National Health Service resources. Thomas further confirmed in a cost-benefit, sensitivity analysis using the English Hospital Episode Statistics (HES) data set that palivizumab represents good use of health resources for children with CLD in the UK [38] . In essence, the value of prophylaxis in CLD children varies depending on the type of analysis conducted and the population studied. Further studies are required to elucidate the true value of palivizumab in children with CLD.
This study has a number of limitations that should be addressed. First, as with all observational registry studies, the magnitude of the effect of prophylaxis in first versus second year CLD populations cannot be estimated due to the absence of a comparative control arm. Additionally, children with CLD recruited for the SY group were clearly predisposed with a greater illness severity during their neonatal course as depicted in Table 2 compared to palivizumab-naïve FY children, which could have overestimated both the RIH and RSVH risk in SY infants. However, this may simply signal, instead, that CARESS physicians meticulously identified high-risk children with CLD in the second year of life, whom they believe will benefit from an additional year of palivizumab prophylaxis because of continued oxygen dependency and/or medical therapy (diuretics, bronchodilators, steroids) for the management of CLD. On the contrary, RSVH may have been underestimated due to the fact that not every child was tested for RSV following their hospitalization for respiratory-related illnesses. Children in the second year of life may also have acquired some immunity through repetitive exposure to RSV infection. However, the resulting immunoprotective effect was likely subdued since the hazard ratio for RSVH in the second year was statistically indifferent to those children who only received prophylaxis in the first year of life. Furthermore, physicians could have a positive bias toward admitting children with a more protracted neonatal course which may influence the RSVH rate in the second year of life. However, the majority of hospitals use specific criteria to determine need for admission which perhaps dampened the magnitude of this effect. Lastly, despite the large sample size, the low number of hospitalized children in each group may have underpowered the comparison of RIH and RSVH severity markers.
In summary, children with CLD recruited over the 10 years of the CARESS study were compared for the risk of RIH and RSVH. Children aged >1 year who received an additional course of palivizumab for CLD had a similar hazard of both RIH and RSVH as those who received palivizumab only in the first year of life. The findings imply that SY children with CLD are correctly selected for RSV prophylaxis by healthcare providers based on neonatal illness severity and deserve consideration for prophylaxis beyond the stipulated criteria suggested by some national advisory guidelines for palivizumab. Future cost-utility and cost-effectiveness studies are required to examine the economic burden posed by children with CLD in the second year of life compared to those less than 1 year of age.
Informed consent Informed consent is obtained from caregivers of all participating subjects prior to study enrollment. In the event of a hospitalization, relevant details are extracted from patient hospital records by the site's research nurse following additional informed consent obtained from parents or legal guardians.
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